Streptomyces bacteria are renowned for their ability to produce bioactive secondary metabolites. Recently, synthetic biology has enabled the production of intermediates and shunt products, which may have altered biological activities compared to the end products of the pathways. Here, we have evaluated the potential of recently isolated alnumycins and other closely related pyranonaphthoquinone (PNQ) polyketides against Staphylococcus aureus biofilms. The antimicrobial potency of the compounds against planktonic cells and biofilms was determined by redox dye-based viability staining, and the antibiofilm efficacy of the compounds was confirmed by viable counting. A novel antistaphylococcal polyketide, alnumycin D, was identified. Unexpectedly, the C-ribosylated pathway shunt product alnumycin D was more active against planktonic and biofilm cells than the pathway end product alnumycin A, where a ribose unit has been converted into a dioxane moiety. The evaluation of the antibiofilm potential of other alnumycins revealed that the presence of the ribose moiety in pyranose form is essential for high activity against preformed biofilms. Furthermore, the antibiofilm potential of other closely related PNQ polyketides was examined. Based on their previously reported activity against planktonic S. aureus cells, granaticin B, kalafungin, and medermycin were also selected for testing, and among them, granaticin B was found to be the most potent against preformed biofilms. The most active antibiofilm PNQs, alnumycin D and granaticin B, share several structural features that may be important for their antibiofilm activity. They are uncharged, glycosylated, and also contain a similar oxygenation pattern of the lateral naphthoquinone ring. These findings highlight the potential of antibiotic biosynthetic pathways as a source of effective antibiofilm compounds.
M
ost bacteria can switch between two lifestyles and exist either as free-living, planktonic cells or as bacterial biofilms that are surface-associated communities of cells embedded in a selfproduced matrix. The matrix consists of extracellular polymeric substances (EPS), and it is one of the factors contributing to increased tolerance to antibiotics associated with bacterial biofilms (1) .
The Gram-positive bacterial species Staphylococcus aureus is a common pathogen and the most commonly isolated bacterial species from chronic wounds and ocular infections. It is also frequently responsible for infections of indwelling medical devices and hospital-acquired infections in general (2) . A great deal of literature has been dedicated to methicillin-resistant S. aureus (MRSA) strains and the threat they pose, but another alarming fact is that the methicillin-susceptible S. aureus strains can switch to a biofilm state that is remarkably tolerant to antibiotics (3, 4) . The antibiotic concentration necessary to eliminate biofilms often exceeds the highest deliverable concentration, as 10-to 1,000-fold concentrations of the antibiotics are typically needed against biofilms compared with planktonic bacteria (4, 5) . Thus, there is an urgent need for effective antibiofilm drugs against pathogens like S. aureus.
The discovery earlier this year of a new potent broad-spectrum antibiotic, teixobactin, which was isolated from previously unculturable soil bacteria (6) , serves as an inspirational example in support of the importance of resurrecting antimicrobial discovery from natural sources. The suggestion in the literature by top authors that the lack of discovery of antibiotics may be overcome by a systematic application of Waksman discovery strategies and the renaissance of exploration of natural sources, such as soil bacteria (7, 8) , is in our opinion remarkably valid for the discovery of antibiofilm compounds as well. Since biofilms are the most common bacterial lifeform in nature, it seems only logical that, along with antibiotics that are effective against planktonic bacteria, natural antibiofilm compounds with optimized structures also would have evolved in bacteria. The recent emergence of synthetic biology as a means to expand the chemical space of natural products that is available for exploration of biological activities holds great promise for increasing our chances of identifying more and better bioactive metabolites in the future (9), in particular antibiofilm compounds.
The soil-dwelling bacterial species of the genus Streptomyces are well known as important producers of antibiotics and other medicinally useful compounds. It has been estimated that streptomycin is found in about 1% of random soil actinomycetes, whereas tetracycline and actinomycin are present at an occurrence of about 0.1% (10) . The pyranonaphthoquinone (PNQ) polyketides are a subclass of bacterial type II polyketides that have also been successful as antimicrobials, as exemplified by the aforementioned tetracycline (11) . The PNQ polyketides share a biosynthetic origin; the carbon backbone chain of the compounds is synthesized from common acetate precursor units by homologous polyketide synthase enzymes, and the formed polyketide chain is then enzymatically folded and further modified into a fused three-ring aglycone unit that is composed of a pyran, a quinone, and a benzene ring. The p-quinone is typically found as a central ring, like in actinorhodin, granaticin, and medermycin, but in the case of alnumycin A, the quinone structure has an atypical position as a lateral ring (Fig. 1) . On several PNQ pathways, the formed aglycone unit is enzymatically C-glycosylated (12) .
The goal of this contribution was to resurrect the exploration of the antimicrobial potential of the PNQ polyketides via the evaluation of their antibiofilm effects. Previously, several PNQs have been reported to possess antibacterial activity against Gram-positive species, including S. aureus. Of these, granaticin B and med- synthesized by a minimal polyketide synthase. The numbering of the atoms of the aglycone unit is shown for prealnumycin, and the positions C-6 and C-8 are marked for all tested compounds. R ϭ CH 3 on the kalafungin/medermycin and granaticin pathways, and R ϭ CH 2 CH 2 CH 3 on the alnumycin pathway. ermycin (lactoquinomycin; Fig. 1 ) were found to be active against multiresistant S. aureus strains (13, 14) . Research in the 1960s also showed that the nonglycosylated wide-spectrum antibiotic kalafungin ( Fig. 1 ) displayed activity against S. aureus strains in the lower micromolar range (15) . In addition, recent investigations into the biosynthesis of alnumycin A (K1115 B1) (16, 17) have provided a small library of structurally related metabolites ( Fig. 1)  (18, 19) , which have not been tested for their antistaphylococcal activity to date. Furthermore, none of the PNQs have been specifically investigated for their antibiofilm activity. In this contribution, we show that PNQs can, apart from their effects on single-cell bacteria, act on bacterial biofilms at low concentrations, reach the metabolically active core of the staphylococcal biofilms, and induce their killing.
MATERIALS AND METHODS
Production and purification of the PNQs. The alnumycins were isolated from the cultures of recombinant Streptomyces albus strains, purified to a minimum of 95% purity exactly as previously described (18, 19) , and stored in CHCl 3 at Ϫ20°C. Alnumycin A was isolated from the cultures of an S. albus strain that contained the intact alnumycin gene cluster on a cosmid pAlnuori. Other alnumycins were isolated from the deletion mutant strains S. albus/pAlnuori⌬ind (prealnumycin) (18) , S. albus/ pAlnuori⌬aln3 (alnumycin B), and S. albus/pAlnuori⌬aln6 (alnumycins C1 and D) (19) .
Granaticin B, kalafungin, and medermycin were isolated from the cultures of known Streptomyces producer strains and purified as described below. The granaticin B-producing strain Streptomyces violaceoruber Tü22 (DSM-40701) was ordered from the Deutche Sammlung von Microorganismen und Zellkulturen (DSMZ, Germany). Granaticin B was produced in a total of 1 liter of NL 19 medium (20) divided into 50-ml aliquots in 250-ml Erlenmeyer flasks, and 1 g of the adsorbent Amberlite XAD7HP (Rohm and Haas) was added prior to sterilization. Each flask was inoculated with 1 ml of a 3-day-old preculture in tryptic soy broth (TSB; Sigma-Aldrich). After 4 days at 300 rpm and 28°C, the XAD resin was collected by repeated decanting and washing with cold tap water. The metabolites were extracted into methanol, which was followed by neutral methanol-chloroform extraction in phosphate-buffered saline (PBS; Lonza). The deep pink extract was then subjected to preparative highperformance liquid chromatography (HPLC) with a Waters Sunfire prep C18, 5-m, 10-by 250-mm column, and the metabolites were eluted with a 2-to 25-min gradient from 50% to 100% methanol. The main fraction was further purified by a second preparative HPLC step with a Phenomenex Luna Phenyl-Hexyl 100, 10-m, 250-by 10-mm column and a 2-to 25-min gradient from 40% to 100% methanol. The final main fraction (purity 94%) (see Fig. S1 in the supplemental material) was stored in methanol at Ϫ20°C.
The kalafungin-producing strain Streptomyces tanashiensis Kala (DSM-731) was also obtained from the DSMZ, Germany. A 3-day-old preculture in GYM Streptomyces medium (consisting of 4 g glucose, 4 g yeast extract, 10 g malt extract, and 12 g agar per liter adjusted at pH 7.2 before agar addition) was used to inoculate 1.5 liters of the fermentation medium, which consisted of 25 g glucose monohydrate, 5 g peptone, and 5 g calcium carbonate per liter at pH 7.2 (15) . After 4 days of incubation as 50-ml batches in 250-ml Erlenmeyer flasks at 29°C and 300 rpm, the supernatant was collected by centrifugation, and the pH was adjusted to 7 to 7.5. The supernatant was extracted with chloroform, and the extract washed once with ultrapure water. The Waters Sunfire column and a 2-to 30-min gradient from 30% to 100% methanol were used for the preparative HPLC. The main fraction (purity 96%) (see Fig. S1 in the supplemental material) was stored in chloroform at Ϫ20°C.
Medermycin was isolated from a total of 2 liters of Streptomyces coelicolor CH999/pIK340 cultures in R5MS medium (21) . The 500-ml Erlenmeyer flasks containing 50 ml of the medium were inoculated with 1 ml of a 3-day-old preculture. After 5 days at 250 rpm and 29°C, the supernatant was collected by centrifugation and the pH was adjusted to 7.4 with 1 M HCl. After two repeated extractions with ethyl acetate and washing of the extract with ultrapure water, the extract was dried and applied onto a silica (Kieselgel 100, 0.063 to 0.200; Merck) column in 4:1 chloroform/methanol. The main yellow fraction from the isocratic elution was further purified by preparative HPLC using the Waters SunFire column and a 2-to 30-min gradient from 30% methanol in 10 mM ammonium acetate to 100% methanol. The main fraction (purity 92%) (see Fig. S1 in the supplemental material) was stored in chloroform at Ϫ20°C.
A Merck Hitachi L-6200A system was used for all preparative HPLC steps, while the analytical HPLC was performed using a Phenomenex Kinetex 2.6-m, C18, 100-Å, 100-by 4.60-mm column attached to a Shimadzu SCL-10Avp system equipped with an SPD-M10Avp diode array detector.
Mass spectrometry analysis. The identities of the main products isolated from the Streptomyces cultures were established by observed antistaphylococcal activity, extraction behavior, retention times in HPLC, matching UV-visible (UV-Vis) spectra (see Fig. S1 in the supplemental material), and mass spectrometry (MS) analysis of the purified compounds. The liquid chromatography-mass spectrometry (LC-MS) analysis was performed with an Agilent 1260 Infinity 6120 Quadropole LC-MS system with the Phenomenex Kinetex column and a 2-to 20-min gradient from 30% methanol in 0.1% (vol/vol) HCOOH to 100% methanol. Expected m/z ratios were observed for the purified compounds: granaticin B 557. ϩ , calculated 458.18). Antibiofilm and antibacterial assays. The biofilm-forming S. aureus control strains ATCC 25923 and Newman were grown in TSB at 37°C and 200 rpm in flat-bottom Nunclon Delta surface 96-well polystyrene plates (Thermo Fisher Scientific), as previously described (22), with the exception of using 10% (vol/vol) dimethyl sulfoxide (DMSO, minimum 99.9%; Sigma-Aldrich) in TSB in place of a default concentration (2% to 5%) due to the apparent aggregation of granaticin B on the biofilm material during the postexposure experiments. TSB with 10% DMSO was used in the solvent control wells, and TSB alone was used in additional maximum viability control wells. To confirm that the DMSO concentration did not affect the activity of the compounds, biofilm postexposure inhibitory concentration values were recorded for alnumycin D in 2% and 10% DMSO.
In the preexposure experiments, 20 l of serial compound dilutions in DMSO or pure DMSO as a control and 180 l of a 1:100 diluted bacterial preculture corresponding to ca. 10 6 CFU/ml were added into each well. After an 18-h-long growth period, the planktonic and biofilm phases were analyzed by redox-dye-based viable staining. The established resazurinbased method was used (22) . Briefly, a 400 M resazurin (sodium salt; Sigma-Aldrich) stock solution was prepared in sterile PBS and stored at 4°C in the dark. The planktonic phase was stained by adding 10 l of the stock solution, and the biofilms were stained by adding 200 l of 20 M resazurin dilution in PBS per well. The plates were incubated in the dark at 200 rpm for 20 min, and the fluorescence was then measured at ex ϭ 560 nm and em ϭ 590 nm with a Varioskan Flash multimode plate reader (Thermo Fisher Scientific, Finland).
In the postexposure experiments, 20 l of serial compound dilutions or DMSO were only added after the planktonic phase was removed from the 18-h-old TSB cultures, where the biofilms had already formed. After the addition of 180 l of fresh TSB, the biofilms were left to grow for another 24 h. Finally, the treated and control biofilms were stained with resazurin as in the preexposure experiments described above (22) . Rifampin (minimum 97%; Sigma-Aldrich) was used as a control antibiotic in all viability assays.
The efficacy of the compounds was confirmed by a logarithmic reduction (log R) assay. The log R was calculated by subtracting the average logarithmic viable counts (CFU/ml) in treated wells from the average logarithmic viable counts in solvent control (10% DMSO) wells (23) . After the removal of the planktonic phase, a final concentration of 40 M of each test compound (20 l) and TSB (180 l) was added onto the 18-h-old biofilms in two separate wells, and the 96-well plates were incubated further for 24 h. The planktonic phase was then removed, and the biofilms at the bottom of the wells were individually suspended by scraping, using the stem of an inverted, plastic inoculation loop, in 100 l of TSB and rinsing with another 100 l of TSB. The two TSB suspensions were combined and further homogenized by 5 min of ultrasound in a Sonorex Digitec water bath sonicator (Bandelin, Switzerland) at 25°C and 35 kHz. The number of viable bacteria in each suspension was then determined by plating a range of dilutions on tryptic soy agar (Sigma-Aldrich).
Cytotoxicity assays. Two human cell lines were utilized: human lung (HL) and human adenocarcinoma (HeLa 229) cells. The HL epithelial cells (24) were grown in RPMI 1640 (Biowhittaker; Lonza) supplemented with 7% inactivated fetal bovine serum (FBS), 2 mM L-glutamine, and 20 g/ml gentamicin. The HeLa 229 cells (ATCC CCL-2.1) were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% inactivated FBS, 1% (2 mM) L-glutamine, and 20 g/ml gentamicin. The two cell lines were routinely cultured in 75-cm 2 cell culture flasks at 37°C in 5% CO 2 in an air-ventilated humidified incubator to around 90% confluence. Harvesting was done by adding 0.05% (vol/vol) trypsin and 0.02% (wt/vol) EDTA in PBS (for HeLa cells) or 0.25% trypsin in PBS (for HL cells). Cell suspensions (200 l) of 4 ϫ 10 5 cells/ml were added into 96-well microtiter plates (Nunc Delta surface) and incubated at 37°C for 24 h. After that, 20 l of culture medium was removed and replaced with a similar volume of compound dilutions (0.05 to 36 M), and plates were incubated for an additional 24 h. Then, culture medium was replaced with a solution of resazurin in PBS at a concentration of 20 M and maintained for 2 h at 37°C in incubator conditions. Reduced resazurin signal as indication of cell viability was measured with the Varioskan flash plate reader ( ex ϭ 570 nm and em ϭ 590 nm). Cells without test compounds were included as positive controls, wells containing only media as negative controls, and 0.5% DMSO as solvent controls. Percentages of cell viability were calculated in relation to the untreated cells.
Data analysis. The performance of the antibiofilm activity assays was monitored by calculating the statistical parameters Z' (screening window coefficient), S/B (signal-to-background), and S/N (signal-to-noise), as previously described (4) . For the determination of the 50% inhibitory concentrations (IC 50 s) against planktonic bacteria and biofilms, 12 different serial compound dilutions covering at least a 3-log concentration range between 10 nM and 100 M were analyzed per compound. Furthermore, each IC 50 was confirmed by an independent experiment that resulted in a value within the same 95% confidence interval. In the cytotoxicity assays, nine different concentrations were analyzed per compound (50 nM to 36 M). Half inhibitory concentrations (IC 50 ) or half lethal concentrations (LC 50 ) and 95% confidence intervals were calculated via nonlinear regression analysis (sigmoidal dose-response with variable slope) using GraphPad Prism v. 5.00 for Windows (GraphPad Software, USA). The therapeutic index was calculated as the ratio of the LC 50 values (as a measure of cytotoxicity on mammalian cells) and the IC 50 values obtained in the postexposure assay (as a measure of the antimicrobial effect of the compounds on preformed biofilms).
RESULTS

Inhibition of biofilm formation by the alnumycins.
For direct identification of the antibiofilm alnumycins that are active in the low micromolar range, the initial antibiofilm assays were performed at a 40 M assay concentration. The results revealed that the pathway end product alnumycin A and the pathway side product alnumycin D inhibited the formation of the biofilms in a preexposure assay (Fig. 2a) . The pathway intermediates prealnumycin (18) , alnumycin B, and alnumycin C did not appear to harbor antibiofilm activity at the assay concentration (Fig. 2a) . The structural difference of these compounds is that the alnumycins A and B carry dioxane and dioxolane moieties at C-8, respectively, and the alnumycins C and D carry a ribose unit, which is in furanose form in the former and in pyranose form in the latter (Fig. 1) .
For a more precise evaluation of the potential of the alnumycins A and D in the inhibition of biofilm formation, inhibitory concentration (IC) values were determined. The obtained IC 50 s indicated that alnumycin A was only moderately active in the pre- exposure, with an IC 50 of 39.3 M, and its activity against planktonic S. aureus ATCC 25923 cells was in the same range. Alnumycin D, on the other hand, was ca. 12-and 22-fold more active than the pathway end product alnumycin A against planktonic cells and in the inhibition of biofilm formation, with IC 50 s in the low micromolar range in the preexposure assay (Table 1 ). Prior to this study, the recently characterized pathway shunt product was not known to possess any bioactivity.
Effect of the alnumycins on preformed biofilms. In the postexposure assay with the alnumycins, only the shunt product alnumycin D showed activity and resulted in 100% killing of the biofilm cells at a 40 M assay concentration. Neither the nonglycosylated prealnumycin nor the structural analogs of alnumycin D-alnumycins A, B, and C-were active against preformed biofilms at the assay concentration (Fig. 2b) . Similar IC 50 values were recorded for alnumycin D against the preformed biofilms of two different S. aureus strains. Of note, the compound was almost equally active in inhibiting preformed biofilms and planktonic growth as indicated by an IC 50 ratio of 1.5 (Table 2) .
Antibacterial and antibiofilm activity of other PNQs. Granaticins, represented by granaticin B in this study, kalafungin, and medermycin have previously been identified as antibiotics against single-cell Staphylococcus spp. Thus, these PNQ metabolites were selected for comparative analysis of their antibacterial and antibiofilm potential against S. aureus, and the compounds were isolated and purified from cultures of the known Streptomyces producer strains.
The previously reported MIC values for PNQs against S. aureus strains range from 0.9 to 3.6 M for granaticin B (13), from 7 to 53 M for kalafungin (15) , and from 0.4 to 1.7 M for medermycin (14) . In accordance with this data, antistaphylococcal activity of the PNQs was also observed here as activity against planktonic cells and as effective inhibition of biofilm formation. The biofilm preexposure IC 50 values were below 4 M for all three compounds (Table 1) .
Granaticin B was also highly active against preformed biofilms, as indicated by the determined postexposure IC 50 values of 3.72 M and 5.21 M against strains ATCC 25923 and Newman, respectively. Analogously to alnumycin D, granaticin B was almost equally active against biofilm and planktonic cells. Kalafungin and medermycin were less active against preformed biofilms, as indicated by postexposure IC 50 values of 27.8 M and 24.6 M, respectively ( Table 2) .
The efficacy of all PNQs against preformed biofilms was examined by a log reduction (log R) assay ( Table 2 ). The decrease in CFU by 2.7 and 3.5 logarithmic units caused by 40 M granaticin B and alnumycin D, respectively, verified that the two are effective against preformed biofilms. Conversely, the lower antibiofilm activity of kalafungin and medermycin was verified by the assay ( Table 2) .
Cytotoxicity of alnumycin D and granaticin B against human cell lines. The in vitro cytotoxicity of the most active antibiofilms was evaluated against two human cell lines: the HL cell line that originates from the human respiratory tract and the HeLa adenocarcinoma cell line. The LC 50 s of alnumycin D against the HL cells and HeLa cells were 8.9 M and 9.1 M, respectively (95% confidence intervals, 8.0 to 9.9 M and 7.8 to 10.5 M, respectively). Based on these cytotoxicity results and the measured potencies (IC 50 s) on the two S. aureus strains (Table 2) , the therapeutic window (ratios of LC 50 and IC 50 ) of alnumycin D against preformed S. aureus biofilms was estimated to be ca. 2.2 to 2.9.
Granaticin B was found to be ca. 10-fold more cytotoxic than alnumycin D, as its LC 50 against the HL cells was 0.84 M, and its LC 50 against the HeLa cells was 0.83 M (95% confidence intervals, 0.76 to 0.94 M and 0.70 to 0.98 M, respectively). Relatively similar LC 50 s against cancer cell lines have been reported for granaticin B recently (25) .
DISCUSSION
Natural products continue to be an important source of drug leads. During the period between 1981 and 2010, more than half of the small molecules approved for use as drugs were natural products or directly derived from them, and only 36% of the new chemical entities originated from truly synthetic sources without any natural inspiration. The impact of natural products is even more marked in the field of anti-infectives, covering antibacterial, antifungal, antiparasitic, and antiviral agents, where 69% of all drugs are naturally derived or inspired (26) .
Our findings indicate that even the known classes of antimicrobial natural products may contain compounds that have specifically evolved against bacterial biofilms. Granaticin B and alnumycin D were found to be almost equally active against biofilm cells as they are against planktonic cells. Unexpectedly, the pathway shunt product alnumycin D, which is produced by a gene knockout strain, was found to be more active against planktonic and biofilm cells than the pathway end product alnumycin A. To our knowledge, the observed high bioactivity of a shunt product of an antibiotic biosynthetic pathway is a rare finding. The result suggests that pathway manipulation and other synthetic biology tools that may result in an increased production of shunt products can be utilized more extensively for drug discovery purposes. The presence of the C-ribosyl unit in an unusual pyranose form was found to be essential for the antibiofilm activity of the alnumycins (Fig. 2b) . From a structural point of view, all alnumycins are relatively similar, as they share the same aglycone unit, and differences can only be seen in the moiety attached at C-8 (Fig. 1) . It is also interesting to note that of the other tested PNQs, only granaticin B was as active as alnumycin D against preformed biofilms ( Table 2 ), and that the two compounds are glycosylated. While alnumycin D is C-glycosylated at position C-8 with a rare ribopyranosyl unit, the sugar units of granaticin B are glucosederived and the first one is connected to the aglycone unit via two C-C bonds at positions C-7 and C-8 ( Fig. 1) . Alnumycin D and granaticin B also share a similar oxygenation pattern of the lateral naphthoquinone ring; the former carries a carbonyl oxygen atom and the latter carries a hydroxyl group at position C-6. The less potent antibiofilms kalafungin and medermycin lack the oxygen atom at position C-6 ( Fig. 1) , which suggests that the oxygenation pattern also may have an impact on the antibiofilm activity of the PNQs.
In contrast to the alnumycins, the presence of a sugar moiety did not result in the higher antibiofilm activity of medermycin compared with that of the aglycone form kalafungin (Fig. 1) . This unexpected result might, at least in part, be due to the fact that the amino sugar unit of medermycin is charged at neutral pH, although other structural features may also contribute to the lower antibiofilm activity. The more potent antibiofilm granaticin B contains a ␥-lactone moiety with an opposite stereochemistry ( Fig. 1) , but it seems unlikely that the lower activity of kalafungin and medermycin would be due to the orientation of the lactone moiety. It has been shown previously that an opposite stereochemistry of the lactone moiety does not affect other antimicrobial properties of these PNQs (27) .
The preliminary in vitro toxicity evaluation revealed that of the most active antibiofilm PNQs, granaticin B was more toxic to human cell lines, while alnumycin D displayed selective toxicity against planktonic and biofilm bacteria. Very recently, less cytotoxic dihydrogranaticin A and B analogs with an alnumycin-like oxygenation pattern of the aglycone units have been isolated from Streptomyces sp. CPCC 200532 (25) , and it would be very interesting to evaluate the antibiofilm activity of these compounds. In the future, the natural antibiofilm potential of the PNQs may be more efficiently exploited via the engineered biosynthesis of novel Cglycosylated compound analogs with improved bioactivity profiles.
